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CObjectives: In correction of tetralogy of Fallot (TOF), surgical strategies to minimize right ventricular outflow
tract (RVOT) enlargement have recently been preferred. However, we may be confronted with residual pulmo-
nary stenosis (PS) combined with pulmonary regurgitation (PR), and how the pressure load affects these patients
is not evident.
Methods: We compared 51 patients with PR and significant PS (PR with PS group) with 87 patients with PR
without significant PS (PR group) using echocardiography and cardiac magnetic imaging. We evaluated the dif-
ferences in parameters derived by magnetic resonance imaging between the 2 groups and the influence of the
pressure load on right ventricular (RV) volume and function.
Results:Although the PR fraction was similar between the 2 groups, the PR with PS group showed significantly
smaller RVend-diastolic volume (136.7  26.5 mL/m2 vs 151.2  34.7 mL/m2; P ¼ .01), RVend-systolic vol-
ume (68.1  23.7 mL/m2 vs 80.2  27.5 mL/m2; P ¼ .01), and slightly better RV ejection fraction (51.1% 
9.8% vs 47.6% 8.9%; P¼ .03) than the PR group. For influence of the pressure load, PR fraction (r¼0.18,
P¼ .03), RVend-diastolic volume (r¼0.25, P¼ .003), and RVend-systolic volume (r¼0.24, P¼ .005) were
decreased as peak pressure gradient of PS was higher. Linear regression analysis revealed that both PR fraction
and peak pressure gradient of PS were independent predictors for RV volume.
Conclusions: Our study demonstrated that the RV pressure load prevented RV dilatation from chronic PR with-
out systolic dysfunction. It is suggested that a proper relief of RVOT obstruction with acceptable residual ste-
nosis is more advantageous than aggressive RVOT enlargement in the long-term outcome of repaired TOF.
(J Thorac Cardiovasc Surg 2012;143:1299-304)Earn CME credits at
http://cme.ctsnetjournals.org
Although total correction of tetralogy of Fallot (TOF) has
an excellent outcome, it leaves a varying degree of pulmo-
nary regurgitation (PR) in the majority of patients. It is
widely known that chronic PR can lead to right ventricular
(RV) volume overload and dysfunction, resulting in in-
crease of long-term morbidity and mortality.1-4 However,
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The Journal of Thoracic and Carconsistent in the patients. Some patients have shown
severely progressive RV dilatation and dysfunction as
time went by, whereas other patients have tolerated PR
well, resulting in preserved RV volume and function.
Under this circumstance, many previous studies have tried
to determine the factors related to RV volume overload in
patients with repaired TOF. Some of them have revealed
that palliative shunt operation, age at repair, use of
transannular patch, and aneurysmal dilatation of the RV
outflow tract have some adverse effects.4-10 However, it is
not always easy to demonstrate a clear impact of the
related factors on RV mechanics owing to compounding
interactions among various factors.
Recently, most centers follow the surgical strategies to
reduce pulmonary valvectomy or transannular patch rate
to prevent aggravated PR with deleterious effects on long-
termmorbidity. However, we may be confronted with resid-
ual pulmonary stenosis (PS) combined with PR, and how
the pressure load affects these patients is not evident.
The purpose of this study is to evaluate whether the pres-
sure load by residual PS has any influence on RV volume
and function after repair of TOF and whether the residual
PS resulting from minimal RV outflow tract (RVOT) en-
largement strategies is acceptable.diovascular Surgery c Volume 143, Number 6 1299
Abbreviations and Acronyms
LV ¼ left ventricle (ventricular)
MR ¼ magnetic resonance
MRI ¼ magnetic resonance imaging
PR ¼ pulmonary regurgitation
PS ¼ pulmonary stenosis
PSPG ¼ peak pressure gradient of residual
pulmonary stenosis
PVR ¼ pulmonary valve replacement
RV ¼ right ventricle (ventricular)
RVESVi ¼ right ventricular end-systolic volume
index
RVEDVi ¼ right ventricular end-diastolic volume
index
RVOT ¼ right ventricular outflow tract
TOF ¼ tetralogy of Fallot
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DMETHODS
Subject
We retrospectively reviewed the case histories of 190 patients with
repaired TOF who received cardiac magnetic resonance imaging
(MRI) at Yonsei Cardiovascular Center from July 2004 to June 2009.
In our policy, if the patients with repaired TOF show considerable RV
enlargement with significant PR, we routinely perform an MRI exami-
nation. Our present study retrospectively reviewed those data. An echo-
cardiogram was taken in all patients within 3 months before or after the
cardiac MRI study and was reviewed by a single investigator. The pa-
tients who had significant regurgitation of valves other than the pulmo-
nary valve and residual intracardiac shunts were excluded. Patients were
assigned to the PR with PS group if they had residual PS with their
echocardiogram showing the sum of the Doppler peak pressure gradient
of more than 25 mm Hg at the infundibular and valvular and supravalv-
ular levels. Patients were assigned to the PR group if they had no sig-
nificant PS with their echocardiogram showing a Doppler peak pressure
gradient less than 25 mm Hg at the aforementioned sites. Patients were
excluded if they had significant unilateral branch PS with a Doppler gra-
dient of more than 10 mm Hg. RV systolic pressure was estimated by
using the modified Bernoulli equation (RV systolic pressure ¼ 4 $ [tri-
cuspid regurgitation jet velocity]2þ estimated right atrial pressure). Re-
strictive physiology of the RV was defined as the presence of antegrade
diastolic flow, demonstrable by pulsed wave Doppler echocardiography
in the distal pulmonary artery throughout respiration.11
This retrospective study was approved by the Institutional Review
Board of Severance Hospital (Seoul, Korea).
Cardiac MRI
Our study was performed with a commercially available 1.5-T mag-
netic resonance (MR) scanner (Intera Achieva; Philips Medical Systems,
Best, the Netherlands). Both ventricular volume and function were as-
sessed with an electrocardiogram-gated steady state free-precession
cine MR pulse sequence during breath-holding periods. We used a stack
of 10 to 12 slices with 25 phases/cycle at 8- to 10-mm thickness in short-
axis planes. All volumes were indexed for the body surface area of each
patient.
Flow measurements were performed in the proximal main pulmonary
artery and both pulmonary arteries with the use of a velocity-encoded phase
contrast sequence. Forward and backward flows were calculated at the1300 The Journal of Thoracic and Cardiovascular Surproximal main pulmonary artery and each individual pulmonary artery, al-
lowing us to derive the PR fraction.
A single investigator analyzed MRIs using the dedicated software
(ViewForum, version 4.1; Philips Medical Systems).
Statistics
Results are expressed as mean  1 standard deviation for the normal
distribution data. Patient clinical data and MRI parameters between the 2
groups were compared using the Student t test for continuous data and the
Pearson c2 test for nonnumeric parameters. The strength of relationship
among MRI parameters in each group was tested using the Pearson cor-
relation. For identification of independent predictors for RV volume and
function, linear regression analysis was used. The clinical parameters
(sex, age at study, age at TOF repair, follow-up duration from TOF repair,
palliative shunt history, transannular patch history), echocardiographic
parameters (the presence of RV restrictive physiology, the peak pressure
gradient of residual PS [PSPG]), and MRI parameters (PR fraction, RV
volume indexes [in analysis for RV ejection fraction]) were analyzed in
a univariate model, and all parameters that showed statistical significance
in a univariate model were included in multivariate model analysis. SPSS
for Windows (version 12.0; SPSS Inc, Chicago, Ill) was used for data
analysis.
RESULTS
Study Population
The characteristics and clinical data for subjects are
shown in Table 1. The PR group was composed of 87 pa-
tients and the PR with PS group was composed of 51 pa-
tients. There was no significant difference between the 2
groups in terms of age and follow-up duration after total
correction.
The patients in the PR with PS group had more previous
palliative shunt histories than the patients in the PR group
(27.5% vs 12.6%; P ¼ .02). However, there was no signif-
icant difference in age at total correction (PR group, 2.1 
2.4 years; PR with PS group, 3.1  3.7 years) and the num-
bers of patients with transannular patch (PR group, 65
[74.7%]; PR with PS group, 41 [80.4%]). For detailed sur-
gical techniques, in the PR with PS group, intraoperative
RV pressure (PR group, 43.0  11.5 mm Hg; PR with PS
group, 50.3  15.2 mm Hg; P ¼ .025) and right ventricu-
lar/left ventricular (RV/LV) pressure ratio (PR group, 0.42
 0.12; PR with PS group, 0.51  0.14; P ¼ .007) were
higher than those in the PR group. However, the frequency
of pulmonary valvotomy or pulmonary valvectomy and
RVOT size after relief of RVOTobstruction were not differ-
ent between the 2 groups.
The PSPG was 12.8  7.0 mm Hg in the PR group and
34.2 10.0 mmHg in the PR with PS group. The frequency
of restrictive physiology of the RV was slightly more in the
PR with PS group (42%) than in the PR group (36%) with-
out statistical significance.
Differences in RV Volume and Function
The result of our MRI study showed that although PR
fraction was similar between the 2 groups (40.8% 
10.0% for the PR group; 42.7%  11.5% for the PRgery c June 2012
TABLE 1. Characteristics and clinical data of subjects
PR group (n ¼ 87) PR with PS group (n ¼ 51) P value
Sex (M:F) 56:30 30:21 .46
Age (y) 16.6  6.6 17.5  8.3 .52
BSA (m2) 1.45  0.35 1.45  0.28 .99
Age at repair (y) 2.1  2.4 3.1  3.7 .08
Follow-up after repair (y) 14.4  5.2 14.4  6.0 .97
QRS duration (ms) 144.0  25.5 134.6  31.1 .06
Palliative shunt 11 (12.6%) 14 (27.5%) .03
Transannular patch 65 (74.7%) 41 (80.4%) .42
Pulmonary valvotomy* 41/72 (56.9%) 21/41 (51.2%) .42
Pulmonary valvectomy* 25/72 (34.7%) 15/41 (36.6%) .96
RVOT size after enlargement* (mm) 11.9  1.9 12.5  1.7 .12
Intraop RV pressure* (mm Hg) 43.0  11.5 50.3  15.2 .025
Intraop RV/LV pressure* (mm Hg) 0.42  0.12 0.51  0.14 .007
PSPG (mm Hg) 12.8  7.0 34.2  10.0 <.001
Estimated RV pressurey (mm Hg) 36.4  5.3 59.6  9.9 <0.001
Restrictive physiology of RV 31 (35.6%) 21 (41.1%) .55
PR, Pulmonary regurgitation;PS, pulmonary stenosis;M,male; F, female;BSA, body surface area; RVOT, right ventricular outflow tract; Intraop, intraoperative pressure data after
RVOTenlargement; RV, right ventricular; LV, left ventricular; PSPG, peak pressure gradient of residual pulmonary stenosis. *Detailed surgical techniques and intraoperative data
were investigated in patients with full operation record (72 in PR group, 41 in PR with PS group). yRV pressure estimated by tricuspid regurgitation jet velocity using modified
Bernoulli equation.
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significantly smaller RV end-diastolic volume index
(RVEDVi, 136.7  26.5 mL/m2 vs 151.2  34.7 mL/m2;
P ¼ .01) and RV end-systolic volume index (RVESVi,
68.1  23.7 mL/m2 vs 80.2  27.5 mL/m2; P ¼ .01)
than the PR group (Table 2, Figure 1). Furthermore, RV
ejection fraction was slightly higher in the PR with PS
group than in the PR group (51.2%  9.9% vs 47.6%
 8.9%; P ¼ .03).Relationships Between Cardiac MRI-derived
Parameters
In correlation analysis, RV volume indexes were in-
creased according to the severity of PR with a tight relation-
ship (RVEDVi: r ¼ 0.53, P< .001; RVESVi: r ¼ 0.43,
P<.001), and RV function decreased in proportion to the
RV volume indexes (RVEDVi: r ¼ 0.46, P < .001;
RVESVi: r ¼ 0.79, P < .001). PR was not correlated
with the RV ejection fraction (r ¼0.15, P ¼ .08).TABLE 2. Hemodynamic data from cardiac magnetic resonance imaging
PR group (n ¼ 87)
Pulmonary regurgitation fraction (%) 42.7  11.5
RV end-diastolic volume (mL/m2) 151.2  34.7
RV end-systolic volume (mL/m2) 80.2  27.5
RV stroke volume (mL/m2) 71.3  15.3
RV ejection fraction (%) 47.6  8.9
LV end-diastolic volume (mL/m2) 78.6  20.7
LV end-systolic volume (ml/m2) 32.6  9.8
LV stroke volume (mL/m2) 46.2  7.6
LV ejection fraction (%) 58.6  8.0
PR, Pulmonary regurgitation; PS, pulmonary stenosis; RV, right ventricular; LV, left ventr
The Journal of Thoracic and CarRV volume overload was related to LV volume and func-
tion. As the RV volume indexes increased, LVend-diastolic
volume index increased (RVEDVi: r ¼ 0.33, P< .001;
RVESVi: r ¼ .29, P ¼ .001) and, consequently, LVejection
fraction was decreased (RVEDVi: r ¼ 0.37, P< .001;
RVESVi: r ¼0.49, P<.001). Also, both ventricular func-
tions were closely correlated with each other (r ¼ 0.5,
P< .001). In each subgroup, the relationships among the
PR fraction and both ventricular volume and function
were same as those of the total subjects.Impact of Pressure Load on RVVolume and Function
The analysis of the influence of pressure load showed that
as PSPG was higher, PR fraction (r ¼ 0.18, P ¼ .03),
RVEDVi (r ¼0.25, P ¼ .003), and RVESVi (r ¼0.24,
P ¼ .005) decreased (Figure 2). RV ejection fraction was
not affected (r ¼ 0.1, P ¼ .2).
In subgroup analysis, PSPG was not correlated with PR
fraction in the PR group, but was more inversely correlatedPR with PS group (n ¼ 51) P value
40.8  10.0 .33
136.7  26.5 .01
68.1  23.7 .01
68.5  8.3 .29
51.2  9.9 .03
79.4  17.5 .83
32.5  10.9 .99
47.7  8.3 .28
59.9  6.3 .32
icular.
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FIGURE 1. Comparisons of right ventricular volume and function between the pulmonary regurgitation (PR) group and the pulmonary regurgitation
with pulmonary stenosis (PRþPS) group. A, Right ventricular end-diastolic volume indexes (RVEDVi), (B) right ventricular end-systolic volume indexes
(RVESVi), and (C) right ventricular ejection fraction (RVEF).
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revealed that RV pressure load was not correlated with RV
dysfunction (PR group: r¼ 0.12, P¼ .3; PR with PS group:
r ¼ 0.07, P ¼ .6).
Predictors for RV Volume and Function
In univariate analysis, only 2 variables, PR fraction and
PSPG, were revealed as predictors of RV volume: PR frac-
tion (b ¼ 1.58, P<.001) and PSPG (b ¼0.55, P ¼ .002)
for RVEDVi; PR fraction (b ¼ 1.04, P<.001) and PSPG
(b ¼0.49, P ¼ .005) for RVESVi. As predictors of RV
ejection fraction, RV volume indexes were confirmed
(RVEDVi: b ¼ 0.13, P < .001; RVESVi: b ¼ 0.28,
P<.001) whereas PSPG did not reach the statistical signif-
icance (b ¼ 0.12, P ¼ .053). The results of multivariate
analysis are showed in Table 3.
DISCUSSION
Our study demonstrated that patients with residual PS
had less RV volume overload and no deterioration of RV
function compared with patients without PS even if both
groups had similarly severe PR. Furthermore, pressure gra-
dient of PS had a statistically significant countercorrelation
with PR fraction, RVEDVi, and RVESVi, indicating that RV
pressure load prevented RV dilatation from chronic PR.
This result supports why minimal RVOT enlargement strat-
egies should be chosen despite residual PS.
In a previous study, Chaturvedi and colleagues12 showed
that transient balloon occlusion of a unilateral branch pul-
monary artery increased both RV pressure and PR. After
this study, residual PS has long been recognized as a risk
factor that has an adverse effect on PR. However, a recent
study to evaluate the risk factors for early pulmonary valve
replacement (PVR) in repaired TOF demonstrated that as
the smallest size of branch pulmonary artery decreased,
the interval to PVR increased.13 We thought that the previ-
ous study by Chaturvedi’s group12 should be carefully inter-
preted because transient balloon occlusion causes abrupt1302 The Journal of Thoracic and Cardiovascular Surasymmetric changes of geometry and afterload in the pul-
monary artery, resulting in increased PR. It is not clear
which changes occur in the other pulmonary artery and
RV to compensate for unilateral branch PS in a long-term
scale and whether this compensation would make PR
more aggravated or reduced. Also, PR fraction may be
changed in respect to which side of the pulmonary artery
was occluded because PR fraction was different in individ-
ual branch pulmonary arteries after TOF repair.14 Finally,
the influence of branch PS cannot be generalized to that
of residual PS at other sites. This study excluded patients
with significant branch PS that may cause pulmonary
arterial geometric change and effect on PR. However,
RVOT obstruction including infundibular, valvular, and
supravalvular PS would not make asymmetric distortion
of the pulmonary artery, and it is not influenced by differen-
tial regurgitation from individual branch pulmonary ar-
teries. Therefore, our study does not have this kind of
concern.
For less RV volume overload in patients with residual PS,
we need to focus more on the change of RV diastolic perfor-
mance by pressure load than the decrease of PR. Previous
studies have discussed that restrictive RV physiology, the
condition of decreased RV diastolic compliance, limited
the adverse effects of pulmonary incompetence resulting
in smaller RV size, improved exercise performance, and
lowered arrhythmia propensity.15-17 Although some MRI
studies have disagreed with influences of restrictive
physiology,18-21 these results for restrictive physiology
suggested that RV diastolic compliance has an important
role against RV dilatation and progressive failure from
PR. In our study, there was no difference in frequency of
the restrictive physiology of RV between the 2 groups.
Furthermore, the restrictive physiology of the RV was not
related to RV volume in univariate analysis. Therefore, its
compounding effects can be ruled out. However,
decreased RV diastolic compliance in the hypertrophied
RV caused by pressure overload can limit PR and preventgery c June 2012
FIGURE 2. Impact of pressure load on right ventricular volume and function. Correlations between the peak pressure gradient of pulmonary stenosis and
(A) pulmonary regurgitation fraction (%), (B) right ventricular end-diastolic volume indexes (RVEDVi), (C) right ventricular end-systolic volume indexes
(RVESVi), and (D) right ventricular (RV) ejection fraction (%).
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observed in the restrictive physiology.
Considering that severe RV hypertrophy caused by PS
may have an adverse effect on RV function, it is difficult
to determine an adequate degree of residual RVOTobstruc-
tion. In our study, the peak pressure gradient of PS in the PR
with PS group was around 25 to 50 mm Hg and theTABLE 3. Independent predictors for right ventricular volume and funct
Dependent variable Predicto
RVend-diastolic volume (mL/m2) Pulmonary regurgitatio
Peak pressure gradient
RV end-systolic volume (mL/m2) Pulmonary regurgitatio
Peak pressure gradient
RV ejection fraction (%) RV end-diastolic volum
RV end-systolic volum
RV, Right ventricular; PS, pulmonary stenosis.
The Journal of Thoracic and Carestimated RV pressure was 50 to 70 mm Hg, which was
about half of LV pressure. These results suggest that a mod-
erate degree of PS is harmless to RV function, being suffi-
cient to prevent progressive RV dilatation. However, it is
not enough to find an acceptable range of residual PS. Fur-
ther conduction studies through cardiac catheterization are
warranted to find an adequate degree of the RVOTion
r b P value
n (%) 1.58 <.001
of PS (mmHg) 0.55 .002
n (%) 1.04 <.001
of PS (mmHg) 0.49 .005
e (mL/m2) 0.13 <.001
e (mL/m2) 0.28 <.001
diovascular Surgery c Volume 143, Number 6 1303
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out systolic deterioration.
About other factors which could affect RV mechanics,
the PR with PS group had more previous palliative shunt
histories that could have an adverse effect on RV dilatation.
It is comprehensive that the patients who required palliative
surgery owing to severe PS had more residual PS after total
correction. In this respect, a recent study revealed that pre-
vious history of palliative shunt was not a risk factor for
PVR.13 Furthermore, in patients of our study, the duration
between shunt operation and total repair was short; there-
fore, its adverse effect, which could increase pulmonary
vascular resistance, was not fully considered. In our study,
both groups had many cases of transannular patch because
of the previous policy of the surgery that allowed aggressive
RVOT enlargement to prevent residual PS. This is different
from our current policy, which does not use a transannular
patch unless PS is very severe.
After the study, some patients in each group underwent
pulmonary valve replacement. In the PR with PS group,
the incidence of pulmonary valve replacement was less
than that in the PR group without statistical significance
(PR group, 36 [41.4%]; PR with PS group, 17 [33.3%];
P ¼ .32). However, follow-up duration after the study was
very short. Therefore, the influence of residual PS on the
timing of pulmonary valve replacement cannot be assessed
by these data. Further prospective study is needed.
LIMITATIONS
In our study, evaluating correlations between RV mass/
volume ratio and volume overload by measuring RV mass
is considered to provide useful information for what
changes prevent dilatation. However, we are unable to con-
duct such an evaluation because there is no measuring soft-
ware of RV mass in our institute and manual measurement
of RV mass may not be reliable. Furthermore, cardiac cath-
eterization for conductance study is needed to evaluate
whether changes occur in RV diastolic function under the
pressure load.
CONCLUSIONS
Fromour study, it is suggested that a proper relief ofRVOT
obstruction with acceptable residual stenosis is more advan-
tageous than aggressive RVOTenlargement in the long-term
outcome of these patients with TOF repair. It could make
RV diastolic property to protect against RV dilatation caused
by PR. This result supports why we should choose mini-
mal RVOT enlargement strategies despite residual PS.
Further follow-up studies involving cardiac MRI and car-
diac catheterization are warranted to evaluate whether
changes occur in the RV under the pressure load and to es-
timate the optimal range of residual PS, which prevents pro-
gressive RV dilatation without systolic deterioration.1304 The Journal of Thoracic and Cardiovascular SurReferences
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